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Abstract 

Background/Objective: Nicardipine is a calcium cliannel blocl<er that has been widely used to control blood pressure in 
severe hypertension following events such as ischemic stroke, traumatic brain injury, and intracerebral hemorrhage. 
However, accumulating evidence suggests that inflammatory processes In the central nervous system that are mediated by 
microglial activation play important roles in neurodegeneration, and the effect of nicardipine on microglial activation 
remains unresolved. 

Methodology/Principal Findings: In the present study, using murine BV-2 microglia, we demonstrated that nicardipine 
significantly inhibits microglia-related neuroinflammatory responses. Treatment with nicardipine inhibited microglial cell 
migration. Nicardipine also significantly inhibited LPS plus IFN-y-induced release of nitric oxide (NO), and the expression of 
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2). Furthermore, nicardipine also inhibited microglial 
activation by peptidoglycan, the major component of the Gram-positive bacterium cell wall. Notably, nicardipine also 
showed significant anti-neuroinflammatory effects on microglial activation in mice in vivo. 

Conclusion/Significance: The present study is the first to report a novel inhibitory role of nicardipine on neuroinflammation 
and provides a new candidate agent for the development of therapies for inflammation-related neurodegenerative 
diseases. 
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Introduction 

Microglia play pivotal roles in host defense and tissue repair 
processes in the central nervous system [1]. Neuroinflammation 
caused by microglial activation have both beneficial and 
detrimental consequences in the nervous system [2,3]. During 
neuroinflammation, activated microglia leads to clearance of 
debris or invading pathogens, and release of neurotrophic factors 
that regulate the microenvironment [4] . When sensing ATP leak 
from an injury site, microglia transform to a more motile state and 
migrate to the site of damage [5] , which causes neuroinflammation 
and subsequent neurodegeneration [6]. However, hyperactivation 



of microglia results in the production of a variety of proin- 
flammatory mediators, which have been implicated in the 
pathogenesis of several neurodegenerative diseases, including 
Alzheimer's disease [7], Huntington's disease [8], Parkinson's 
disease [9,10], stroke [11] and hypoxia insults [12]. Microglial 
activation involves changes in cell morphology and the subsequent 
expression of new proteins, such as inducible nitric oxide synthase 
(lNOS) and cyclooxygenase-2 (COX-2). These proinflammatory 
cytokines have been shown to cause neuronal damage [13-16]. 
Increasing evidence has revealed that iNOS produces a sustained 
level of NO [17], and induction of COX-2 expression [18] in 
activated microglia which further aggravate the neuropathological 
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processes. Previously, iNOS and COX-2produces detrimental 
effects in glial cells were also identified in the ischemic 
brainhttp://www.ncbi.nlm.nih.gov/pmc/articles/PMC3498223/ 

pone.0049701-Yermakoval [19]. Consistent with this, focal 
ischemia-induced brain infarcts and associated neurological 
impairments are alleviated in iNOS nuU mice [20]. The 
expressions of the inflammation-related enzymes iNOS and 
COX-2 have also been reported in the striatum of Parkinson 
disease patients [21]. The expressions of TNF-a and IL-6 have 
also been found to be elevated in the brains of Alzheimer's disease 
patients [22,23]. Although inflammatory mediators are necessary 
for normal neuronal cell functions, the microgUal response must be 
tightly regulated to avoid over-activation and neurotoxic conse- 
quences [24]. 

Nicardipine is a dihydropyridine t\pe voltage-sensitive calcium 
channel antagonist used in the treatment of vascular disorders. 
The mechanism and clinical effects of nicardipine closely resemble 
that of the other dihydropyridines. However, nicardipine is more 
selective for cerebral and coronary blood vessels and is widely used 
to manage severe hypertension after acute brain injury, including 
ischemic stroke, traumatic brain injury, and subarachnoid 
hemorrhage [25-27]. In clinical practice, nicardipine has also 
been used for the treatment of acute hypertension in acute brain 
disease, with promising outcomes [26,28-31]. Previous studies also 
reported neuroprotective effects of nicardipine on hypertension- 
induced brain damage [32-34]. Few animal and human studies 
have assessed the beneficial use of nicardipine in acute ischemic 
stroke [35]. Notably, nicardipine has also been reported to 
regulate calcium signahng in ghal cells [36,37]. Previous studies 
also reported that the L-type calcium channel blockers verapamil 
[38] and nimodipine [39] induce anti-inflammatory effects in 
microglia. However, the actual protective and anti-inflammatory 
mechanism of nicardipine is unclear. In the present study, we 
addressed whether, in addition to controlling blood pressure, 
nicardipine also regulates neuroinflammatory responses in mi- 
croglia and exerts further neuroprotective effects. 

Material and Methods 

Ethics statement 

The protocol used for the experimental mice was reviewed and 
approved by the Institutional Animal Care and Use Committee of 
the China Medical University (lACUC approval no. CMU-102- 
16N). All animal studies were conducted according to institutional 
guidelines (Affidavit of Approval of Animal Use Protocol, No. 102- 
16N) approved by the Institutional Animal Care and Use 
Committee (lACUC) of China Medical University (Taichung, 
Taiwan). 

Reagents and antibodies 

Recombinant murine IFN-y was purchased from PeproTech 
(Rocky Hill, NJ). LPS from Escherichia coli Serotype 055:B5 was 
obtained from Sigma-Aldrich (St. Louis, MO). Peptidoglycan from 
Staphylococcus aureus was purchased from Fluka (Buchs, Switzer- 
land). The antibody against ionized calcium binding adaptor 
molecule 1 (Iba 1) was purchased from Wako Pure Chemical 
Industries (Osaka, Japan). Primary antibodies against fi-actin, p65, 
ERK2, phosphorylated ERKl/2, p38, and JNK were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA). Primary 
antibodies against phosphorylated p38, phosphorylated JNK, 
and phosphorylated p65 were purchased from Cell Signahng 
and Neuroscience (Danvers, MA). The primary antibody against 
iNOS was purchased from BD Transduction Lab (Lexington, 



KY). The primary antibody against COX-2 was purchased from 
Cayman Chemicals (Ann Arbor, MI). 

Cell culture 

The murine microgUal cell BV-2 was originally generated by 
infecting primary microgUal cell cultures with a v-raf/v-myc 
oncogene carrying a retrovirus (J2). BV-2 microglia retain the 
morphological, phenotypical, and functional properties of freshly 
isolated microglial cells (Blasi et al, 1990). Cells were cultured in 
DMEM (Gibco, Grand Island, NY) with 10% FBS at 37°C, and 
passaged by trypsinization. 

Animals 

AU mice were manipulated in accordance with the Animal Care 
and Use Guidelines of the China Medical University (Taichung, 
Taiwan). Male ICR mice were purchased from the National 
Laboratory Animal Center (Taipei, Taiwan). The mice were 
housed in a temperature- and humidity-controlled environment, 
and given free access to foods and water. All studies involving 
animals are reported in accordance with the ARRIVE guidelines 
(animals in research: reporting in vivo experiments) [40]. Mice 
were acclimated to their environment for at least 7 days before 
conducting the experiments. 

Protocols of treatment 

Nicardipine was dissolved in DMSO at 10 mM as stock 
solution. The concentrations of nicardipine (1-10 |^M) used in 
cell culture of this study were according to previous report [41]. 
Cells were treated with nicardipine or vehicle control for 60 min 
and then stimulated with ATP, LPS/IFN-y or peptidoglycan. Cell 
migration assay was determined after ATP treatment for 24 h. 
Inflammatory mediators were determined by real-time PCR after 
LPS plus IFN-Y treatment for 6 h. Nitric oxide, iNOS and COX-2 
expressions were measured after LPS/IFN-y or peptidoglycan 
treatment for 24 h. Phosphorylated protein levels were determined 
after LPS/IFN-y treatment for 60 min. In the immunohistochem- 
ical and flow cytometry experiments, mice were administered 
saline or nicardipine by intraperitoneal injection for 3 consecutive 
days. Concentrations of nicardipine administrated to mice were 
according to previous study [42] . On the third day, 2 h after the 
injection of saline or nicardipine, mice were injected with LPS 
intraperitoneally and housed for 24 h before euthanized. 

Tissue preparation and immunohistochemistry 

Eight-week-old mice received an intraperitoneal injection of 
saUne or LPS (20 mg/kg) (E. coli, serotype 0127:B8). Twenty-four 
hours later, mice were deeply anesthetized with chloral hydrate 
and transcardially perfused with 10% formaldehyde. The brains 
were dissec:ted and post-fixed overnight, then incubated in a 30% 
sucrose solution at 4°C until they sank. Coronal serial sections 
(30 |J,m) were sliced on a freezing sliding microtome cryostat (Leica 
CM305S). Endogenous peroxidases in the free-floating slices were 
quenched using hydrogen peroxide. Brain sections were blocked 
by nonspecific binding with goat serum, permeabilized with Triton 
X- 1 00, and then incubated with primar\' antibodies against Iba- 1 , 
overnight at 4°C. Following incubation witii a biotinylated 
secondary antibody, the sections were incubated with an avidin- 
biotin complex (Vector Laboratories), and labeling was visualized 
with diaminobenzidine (DAB). The cerebral cortex, hippocampus 
and striatum were digitally captured at 200 x magnifications using 
a Ught microscope. 
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Flow cytometry 

Microglial isolation from mouse brain [43] and flow cytometry 
analysis [44,45] were performed according to our previous reports. 
Briefly, mice were perfused with a phosphate buffered solution 
(PBS). Brains were homogenized in a digestion buffer, then 
homogenates were separated by a discontinuous PercoU (GE- 
healthcare, Uppsala, Sweden) density gradient (70%, 37%, 30%, 
and 0%). The gradient was centrifuged for 40 min at 200 x g and 
microglia were collected from the interphase between the 70% and 
37% PercoU layers. 

The surface antigens of microglial cells were assayed by flow 
cytometry. Fc receptors were blocked with anti-CD 16/CD32 
antibody (eBioscience, San Diego, CA) for 30 min at 37°C. 
Microglia were incubated with anti-CD lib conjugated to FITC 
and anti-CD45 conjugated to peridinin-chlorophyU protein- 
cyanrne5.5 (PerCP-Cy5.5) antibodies (BD Biosciences, San Jose, 
CA). Expression of these surface receptors was determined using a 
Becton-Dickinson FACSCaliburTM four-color cytometer (Becton 
Dickinson, San Jose, CA). Ten thousand events were recorded and 
microglia were identified by CD 1 1 b^ and CD45'"" expression. 
Previous report demonstrated that these relative percentages of 
cells do not change with LPS [46]. 

Intracellular IL-6 and TNF-ot production by microglia were 
determined by intracellular flow cytometric analysis based on a 
BD Cytofix/ Cytoperm^*^ Plus fixation/ permeabilization protocol 
(BD Biosciences, San Jose, CA). After blocking, cells were stained 
with anti-CD Ub-FITC and anti-CD45-PerCP-Cy5.5 antibodies. 
Next, cells were fixed and permeabUized with BD Cytofix/ 
Cytoperm^"^ solution for 20 min. Cells were washed with BD 
Perm/Wash^*^ buffer, re-suspended in BD Perm/Wash^'^ buffer, 
and incubated with either anti-IL-6-PE and anti-TNF-a-APC (BD 
Biosciences, San Jose, CA) for 30 min. Cells were then washed 



twice in BD Perm/Wash 
buffer. 



buffer and re-suspended in FACS 



Western blot analysis 

Western blot was performed according to our previous report 
[47]. Briefly, cells were lysed in a homogenization buffer for 
30 min on ice, and equal amounts of the samples were loaded in 
each lane. The membranes were blocked with non-fat milk and 
then probed with primary antibodies. After undergoing several 
washes, the membranes were incubated with peroxidase-conju- 
gated secondary antibodies. The blots were visualized by 
enhanced chemiluminescence using Fuji medical X-ray film 
(Fujifilm, Tokyo, Japan). The blots were then stripped by 
incubation in stripping buffer and reprobed a loading control. 
Quantitative data were obtained using a densitometer and Image J 
software (National Institute of Health, Bethesda, MA). 

Migration assay 

In vitro migration assay was performed using Costar TransweU 
inserts (Pore size: 8 |im; Corning, Albany, NY) in 24-well plates as 
described previously [48-50]. Approximately 1 x 10* cells in 
200 |il of serum-free medium were placed in the upper chamber, 
and 300 |il of the same medium containing ATP was placed in the 
lower chamber. Before performing the migration assay, cells were 
pre-treated for 60 min with nicardipine followed by treatment 
with ATP during the 24-h migration assay (incubated at 37°C in 
5% CO2). After the 24-h assay, the cells were stained with 0.05% 
crystal violet and 2 % methanol. Non-migratory cells on the upper 
surface of the filters were removed by wiping with a cotton swab. 
Cell number was counted in five random fields per well under a 
microscope at 200 X magnification. Images of migratory cells were 
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Figure 1. Effect of nicardipine on ATP-induced microglial cell migration. (A) Cell viability following nicardipine treatment in BV-2 microglia. 
Cells were treated with concentrations ranging from 1 to 10 |xM of nicardipine for 24 h, and cell viability was measured by the IVITT assay. The results 
are expressed as mean ± S.E.M. of three independent experiments. (B) Cells were pre-incubated with or without nicardipine (10 nlVI) for 60 min 
followed by a 24-h treatment with ATP (100 or 300 \xN[). In vitro migratory activities were examined using a cell culture insert system. The results are 
expressed as mean ± S.E.M. from 4 to 5 independent experiments. * p<0.05 compared with the control group; #, p<0.05 compared with the ATP 
(300 nM) alone. (C) The migrated cells were visualized by phase-contrast imaging. 
doi:1 0.1 371/journal.pone.0091 1 67.g001 
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Figure 2. Inhibitory effect of nicardipine on LPS/IFN-y or peptidoglycan-stimulated nitric oxide production. BV-2 microglial cells were 
pretreated with different concentrations of nicardipine (1, 3, 5, or 10 |ilVl) for 60 min before application of LPS (10 ng/ml) plus IFN-y (10 ng/ml) (A) or 
peptidoglycan (10 [.ig/ml; B) for another 24 h. The culture media were collected and analyzed by a Griess reaction. Nitric oxide production is 
significantly different between the LPS/IFN-y (or peptidoglycan) treatment alone and the LPS/IFN-y (or peptidoglycan) treatment with nicardipine 
groups (one-way ANOVA followed by Bonferroni's posf hoc test). The results are expressed as mean ± S.E.M. from 3 to 4 independent experiments. 
*, p<0.05 compared with the control group; #, p<0.05 compared with the LPS/IFN-y or peptidoglycan treatment. 
dol:1 0.1 371/journal.pone.0091 1 67.g002 



observed and acquired using a digital camera and light micro- 
scope. 

Quantitative real-time PGR 

Quantitative real-time PGR was performed according to our 
previous report [51]. Briefly, quantitative real-time PGR using 
SYBR Grec-n Mastc-r Mix was performed with StepOne Plus 
System (Applied Biosystems, Singapore). After incubation at 50°C 
for 2 min and 95°C for 10 min, the PGR was performed as 
follows: 40 cycles at 95°G for 10 s and 60°G for 1 min. The 
threshold was set above the non-template control background and 
within the linear phase of target gene amplification to calculate the 
cycle number at which the transcript was detected (denoted as 
GT). 

Nitric oxide assay 

Production of nitric oxide was assayed by measuring nitrite 
levels, the stable product of nitric oxide, in the culture medium, as 
described in our previous report [52]. Briefly, the accumulated 
nitrite in the medium was determined by a colorimetric assay with 
a Griess reaction. The culture supernatant reacted with an equal 
volume of Griess reagent (0.1% naphthylethylenediamine and 1% 
sulfanilamide in 5% H3PO4). After 10 min at room temperature in 
the dark, the absorbance was determined at 550 nm using a 
microplate reader (Thermo Scientific, Vantaa, Finland). 

MTT assay 

Gell viability was determined using the 3-(4,5-dimethylthiazol-2- 
yl)-2,5- diphenyltetrazolium bromide (MTT) assay [53]. After 
treatment with nicardipine for 24 h, cell culture media were 
removed and washed with PBS. MTT (0.5 mg/ml) was added to 
each culture well and the mixture was incubated for 2 h at 37 °G. 
The MTT reagent was then replaced with DMSO (100 ^1 per 
well) to dissolve formazan cr^'Stals. After the mixture was shaken at 
room temperature for 10 min, absorbance was determined at 
550 nm using a microplate reader (Thermo Scientific, Vantaa, 
Finland). 

Statistical analyses 

The values are reported as mean ± S.E.M. Statistical analyses 
for two groups were performed using Student's /-test. Statistical 



comparisons of more than two groups were performed using one- 
way ANOVA with Bonferroni's post-hoc test. The difference was 
determined to be significant if the p value was <0.05. 

Results 

Nicardipine suppresses neuroinflammatory responses in 
microglial cells 

We used BV-2 microgha to study the effects of nicardipine on 
neuroinflammatory responses. Goncentrations ranging from 1 to 
10 |lM nicardipine were used. A colorimetric ceU viability assay 
(MTT) confirmed that these concentrations did not affect cell 
viability (Fig. lA). Nicardipine inhibited an ATP-induced increase 
in BV-2 microglial migratory activity (Fig. IB). Representative 
micrographs of migrating cells are shown in Fig. IG. Notably, 
nicardipine treatment alone did not affect baseline ceU migratory 
activity. To determine the effect of nicardipine on nitric oxide 
production, cells were treated with different concentrations of 
nicardipine (1 to 10 |iM) and were stimulated with LPS plus IFN- 
y. The ceU culture medium was then coUected to determine the 
nitrite content. We have previously demonstrated that peptido- 
glycan, a component of the Gram-positive bacterium ceU waU, 
causes neuroinflammation in microglia [54,55]. Hence, to further 
determine the effect of nicardipine on nitric oxide production, BV- 
2 microglia were also stimulated with peptidoglycan. As shown in 
Fig. 2A and 2B, nicardipine effectively inhibited nitric oxide 
production in a concentration-dependent manner following 
exposure to either LPS (lOng/ml) plus IFN-y (lOng/ml) or 
peptidoglycan (10 |^g/ml). In addition, the inhibition of nitric 
oxide production initiated at 3~5 |tM achieved a maximum at 
10 nM. The levels of iNOS expression were detected by western 
blotting. Nicardipine also reduced LPS/IFN-y- and peptidogly- 
can-induced iNOS expression (Fig. 3A and 3G, respectively) and 
GOX-2 expression in a concentration-dependent manners (Fig. 3B 
and 3D). Notably, nicardipine treatment alone did not affect 
iNOS, GOX-2 and nitric oxide expression. We further analyzed 
the expression of inffammatory mediators by real-time PGR. BV-2 
microglia were treated with different concentrations of nicardipine 
(1 to 10 |iM) and stimulated with LPS plus IFN-y for 6 h. 
Nicardipine potentiates a concentration-dependent suppression of 
iNOS and GOX-2 when stimulating BV-2 witii LPS/IFN-y 
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Figure 3. Inhibitory effect of nicardipine on LPS/IFN-y- or peptidoglycan-stimulated iNOS and COX-2 expressions. (A and B) BV-2 
microglial cells were pretreated with different concentrations of nicardipine (1, 3, 5, or 10 |xM) for 60 min before application of LPS (10 ng/ml) plus 
IFN-y (10 ng/ml) for anotfier 24 h. (C and D) Cells were pretreated with different concentrations of nicardipine (1, 3, 5, or 10 |iM) for 60 min before 
application of peptidoglycan (10 ng/ml) for another 24 h. Western blot analysis for INOS (A and C) and COX-2 (B and D) expression was performed on 
whole cell lysates. The quantitative results are shown in the bottom panels. iNOS expression was significantly different between the LPS/IFN-y (or 
peptidoglycan) treated-group and the group treated LPS/IFN-7 (or peptidoglycan) with nicardipine (one-way ANOVA followed by Bonferroni's post 
hoc test). COX-2 expression was significantly different between the LPS/IFN-y (or peptidoglycan) treated- group and the LPS/IFN-y (or peptidoglycan) 
with nicardipine treated- group (one-way ANOVA followed by Bonferroni's post hoc test). The results are expressed as mean ± S.E.M. from 4 to 5 
independent experiments. *, p<0.05 compared with the LPS/IFN-y or peptidoglycan treatment. 
doi:1 0.1 371/journal.pone.0091 1 67.g003 



(Fig. 4A and 4B). Similarly, treatment with nicardipine also 
inhibited LPS/IFN-y-induced IL-6 and IL-ip expression in a 
concentration-dependent manner (Fig. 4C and 4D, respectively). 
These results indicate that nicardipine exerts anti-inflammatory 
eflects on microglial cells. 



Regulatory effects of nicardipine on signaling pathways 

We further studied the signaling pathways involved in the 
inhibitory elTects of nicardipine on neuroinflammation in microg- 
lia. MAP kinase and PIS kinase /Akt are the most important 
signaling pathways in the regulation of inflammatory responses in 
macrophages and microglia [56-58] . We examined whether MAP 
kinase activation is modulated by nicardipine in microglia. BV-2 
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Figure 4. Nicardipine suppresses the expression of inflammatory mediators in BV-2 microglial cells. Cells were pretreated with different 
concentrations of nicardipine (1, 5, or 10 i^M) for 60 min, then challenged with LPS (10 ng/ml) plus IFN-y (10 ng/ml) for another 6 h. The expression 
of iNOS, COX-2, IL-6, and IL-1 )3 (A, B, C and D respectively) were determined by real-time PCR. Cytokine expression was significantly different between 
the LPS/IFN-y alone and the LPS/IFN-7 with nicardipine groups (one-way ANOVA followed by Bonferroni's post hoc test). The results are expressed as 
mean ± S.E.M. from 3 to 4 independent experiments. *, p<0.05 compared with the control group; #, p<0.05 compared with the LPS/IFN-y treatment 
alone group. 

doi:1 0.1 371/journal.pone.0091 1 67.g004 



microglia were treated with nicardipine and then stimulated with 
LPS plus IFN-y ft)r 60 min. Western blot analysis for phaspho- 
ERK, ph()sph()-p38, phospho-JNK, or phospho-Akt was per- 
formed on whole cell lysates. As shown in Fig. 5A, nicardipine 
inhibited LPS/IFN-y-induced p38 and Akt expression but not 
ERK and JNK. Additionally, nicardipine at 10 |iM did not affect 
LPS/IFN-y-induced MAP kinase and Akt phosphorylation. 
Expressions of inflammatory mediators are mainly regulated by 
the transcription factors NF-kB and AP-1 in microglia [52,59]. As 
shown in Fig. 5B, LPS plus IFN-y treatment increased p65 and 
cjun activation in BV-2 microglia after 90 min. The increases in 
p65 and cJun activation following LPS/IFN-y treatment were 
attenuated by nicardipine treatment. 

Nicardipine inhibits proinflammatory cytokine expression 
in mouse brain microglia 

We next examined whether nicardipine suppresses markers of 
microglial activation in vivo. Mice first received intraperitoneal 
injections of saline or nicardipine for 3 consecutive days, followed 
by an intraperitoneal injection of LPS 2 h after injected with saline 
or nicadipine on the third day. Twenty-four hours later, expression 
of surface CDllb/CD45 and intracellular IL-6 and TNF-a were 
determined by flow cytometry. As shown in Fig. 6A, the 
representative bivariate dot plots of PercoU-isolated microglia 
stained with GDI lb"" and CD45'°" confirmed the presence of this 
subset of microglia in mice receiving either LPS or co-treatment of 



nicardipine and LPS. The mean fluorescence intensity (M.F.I) 
reflecting intracellular IL-6 and TNF-a expression by microglia 
were reduced in the brains of mice that received LPS with 
nicardipine treatment (Fig. 6B and 6C). 

Nicardipine inhibits microglial activation in a mouse 
model 

To determine the improvements induced by nicardipine 
treatment on neuroinflammatory responses in vivo, we performed 
an immunohistochemical analysis on microglia. The clinical dose 
of nicardipine administration used for managing blood pressure is 
approximately 5 mg/kg [60]. Mice were continuously adminis- 
tered nicardipine at a dose of 5 or 50 mg/kg daily for 3 days, and 
were then injected with or without LPS. The activation of 
microglia was assessed morphologically by immunohistochemistry 
with the well-chara[:terized Iba- 1 -specific antibody. Twenty-four 
hours after LPS injection, microglial activation was observed to be 
homogeneously distributed throughout the cortical, hippocampal 
and striatal regions. The Iba-1 immunolabeling was more intense 
in LPS-treated BV2 depicted with enlarger cell bodies and 
retracted processes compared with the control group (Fig. 7). 
Furthermore, LPS injection induced pronounced hypertrophy of 
cortical, hippocampal and striatal microglial cells. Microglial 
activation in the mouse brain was effectively attenuated by 
administration of nicardipine (Fig. 7). In addition, administration 
of nicardipine (50 mg/kg) alone did not affect microglia activation. 
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Figure 5. Nicardipine suppresses LPS/IFN-y-induced signaling pathways. BV-2 microglial cells were pretreated with nicardipine (10 |xM) for 
60 min, then exposed to LPS (10 ng/ml) plus IFN-y (10 ng/ml) for another 60 min. Western blot analysis was performed on whole cell lysates, and the 
signal intensities were normalized to total protein expression. The results are expressed as mean ± S.E.M. from 3 to 4 independent experiments. 
*, p<0.05 compared with the LPS/IFN-y treatment alone group. 
doi:1 0.1 371/journal.pone.0091 1 67.g005 
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Discussion 

Nicardipine, a second-generation dihydropyridine-type calcium 
channel blocker, is the most frequently used anti-hypertensive 
agent following acute brain injury [26,28,31,61-63]. Nifedipine 
and nimodipine are also established dihydropyridine-type calcium 
channel blockers. The protective effects of nimodipine have been 
evidenced by animal models of ischemic brain [64]. Previous 
studies have also reported that nicardipine can protect against 
hypertension-related brain damage [32-34]. Nifedipine has been 
reported to inhibit the expression of inflammatory and fibrogenic 
responses in advanced glycation end product-exposed fibroblasts 
[65]. The existence of calcium channels in glial cells is stiU 
controversial [66,67]. Interestingly, the L-type calcium channel 
blockers nimodipine and verapamil, which have been reported to 
confer neuroprotective effects, and inhibit microglial activation 
[68]. Indeed, recent studies have reported that nimodipine and 
verapamil exert their neuroprotective effects through anti- 
neuroinflammatory properties [38,69]. The anti-inflammatory 
effect of nimodipine has also been indicated to down-regulate 
TNF-a and IL-lfi expression in the hippocampus [70] and IL-ip 
expression in microglia [39]. Importantly, the clinical dose of 
nicardipine used for managing blood pressure is approximately 
5 mg/kg [60] . Here, we also found that 5 mg/kg of nicardipine 
inhibits microglia activation in our in vivo mouse model, but 
50 mg/kg did not produce a more potent inhibitory response. 

Cytokines are important mediators involved in immune, 
inflammatory, and immunomodulatory functions [71]. Although 
inflammatory responses are necessary for normal neuronal cell 
functions, microglial activation must be tighdy regulated to avoid 
exaggerated responses and extended nenurotoxicity [24,72]. 
Bacterial meningitis is the most frequently fatal infection in 
CNS, which results in significant neurological sequelae [73,74]. In 



Gram-negative infections, LPS is a well-known activator of 
microglia. Peptidoglycan and lipoteichoic acid, the major compo- 
nents of the Gram-positive bacterium cell wall, activate microglia 

and induce the release of chemokines and cytokines [52,54,55]. 
Activated microglia migrate to the injury site and express 
inflammatory mediators, such as iNOS and COX-2, and these 
proinflammatory cytokines have been shown to result in neuronal 
damage [13-16]. In the present study, nicardipine effectively 
reduced cell migration of microglia induced by ATP, and 
proinflammatory cytokine expression activated by both LPS plus 
IFN-y and peptidoglycan. Calcium channel blockers have been 
reported to act through a calcium channel-independent mecha- 
nism on multiple signaling molecules, including nuclear factor- 
kappa B [70,75] and STATS [68]. Our present results and 
previous reports suggest that the neuroprotective effects of the 
calcium channel blocker nicardipine are mediated by a calcium 
channel-independent anti-neuroinflammatory effect. 

Numerous lines of evidence support that MAP kinase and PIS 
kinase/Akt are the most important signaling pathways to regulate 
inflammatory responses in microglia [52,56,58,76]. Pro-inflam- 
matory cytokines (e.g., interferon or interleukin) could activate 
microglial cells and trigger several inflammatory signaling 
pathways, including AP-1, Akt, NF-kB and MAP kinase. Here, 
we also report that nicardipine reduced the activation of the 
proinflammatory transcription factors NF-kB and AP-1. Nicardi- 
pine also inhibited LPS/IFN-y-induced p38 and Akt activation in 
microglial cells. Our results also showed that nicardipine can 
inhibit microglial activation and intracellular expression of IL-6 
and TNF-a in vivo. The results of current study suggest that 
nicardipine can exert anti-neuroinflammatory responses in 
microglia, which is unlikely to be mediated by blockade of 
calcium channels. The roles of calcium channels on microglia have 
led to considerable debate as to whether calcium buffering 
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Figure 6. LPS-induced intracellular IL-6 and TNF-a expression on microglia is reduced by nicardipine. IVIice received intraperitoneal 
injections of saline or nicardipine (5 mg/kg) for 3 consecutive days. On the third day, 2 h after injection of saline or nicardipine, mice were injected 
with LPS (5 mg/kg) and housed for another 24 h. (A) Representative bivariate dot plots of Percoll-isolated microglial cells stained with anti-CD1 1 b- 
FITC and anti-CD45-PerCP-Cy5.5. Microglia were identified by CD11bVCD45'°" staining. Representative histograms of intracellular IL-6 (B) and TNF-ot 
(C) expression in isolated microglia. Mean fluorescence intensity (M.F.I.) of intracellular IL-6 and TNF-a expressed by CD11bVCD45'°" microglia 
following experimental treatments. 
doi:10.1371/journal.pone.0091167.g006 
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Figure 7. Nicardipine prevents LPS-induced microglial activation. Mice /"fce/Vf of intraperitoneal injections of nicardipine at concentrations 
of either 5 mg/kg or 50 mg/kg, once per day, for 3 consecutive days. On tfie thrird day, nicardipine treatment was followed with a single 
intraperitoneal injection of LPS (20 mg/kg). Microglial morphology was visualized by anti-lba-1 immunolabeling and DAB (n = 5 each group). 
doi:1 0.1 371 /journal.pone.0091 1 67.g007 
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participates in neuroinflammatory responses, as calcium has been 
conceived to be physically relevant. However, the current findings 
offer new insights for developing therapeutic approaches to treat 
neuronal cell death and neuroinflammation-related disorders. 



References 

1. Olson JK, Miller SD (2004) Microglia initiate central nervous system innate and 
adaptive immune responses through multiple TLRs. J Immunol 173: 3916— 
3924. 

2. Czeh M, Gressens P, Kaindl AM (2011) The yin and yang of microglia. Dev 
Neurosci 33: 199-209. 

3. Wee Yong V (2010) Inflammation in neurological disorders: a help or a 
hindrance? Neuroscientist 16: 408-420. 

4. Ziv Y, Ron N, Butovsky O, Landa G, Sudai E, et al. (2006) Immune ceUs 
contribute to the maintenance of neurogenesis and spatial learning abilities in 
adulthood. Nat Neurosci 9: 268-275. 

5. Koizumi S, Ohsawa K, Inoue K, Kohsaka S (2013) Purinergie receptors in 
microglia: functional modal shifts of microglia mediated by P2 and PI receptors. 
Glia 61: 47-54. 

6. Leung YM (2011) P2X7 receptor as a double-edged sword: Neurotrophic and 
neurotoxic effects. BioMedicine 1: 16—20. 

7. Guillot-Sestier MV, Town T (2013) Innate immunity in Alzheimer's disease: a 
complex affair. CNS Neurol Disord Drug Targets 12: 593-607. 

8. PoHtis M, Pavese N, Tai YF, Kiferle L, Mason SL, et al. (2011) Microglial 
activation in regions related to cognitive function predicts disease onset in 
Huntington's disease: a multimodal imaging study. Hum Brain Mapp 32: 258- 
270. 

9. Block ML, Zeeca L, Hong JS (2007) Microglia-mediated neurotoxicity: 
uncovering the molecular mechanisms. Nat Rev Neurosci 8: 57—69. 

10. Qian L, Flood PM, Hong JS (2010) Neuroinflammation is a key player in 
Parkinson's disease and a prime target for therapy. J Neural Transm 117: 971- 
979. 

11. Patel AR, Ritzel R, McCullough LD, Liu F (2013) Microglia and ischemic 
stroke: a double-edged sword. Int J Physiol Pathophysiol Pharmacol 5: 73—90. 

12. Lin C, Wu CJ, Wei IH, Tsai MH, Chang NW, et al. (2013) Chronic treadmUl 
running protects hippocampal neurons from hypobaric hypoxia- induced 
apoptosis in rats. Neuroseienee 231: 216—224. 

13. Loihl AK, Murphy S (1998) Expression of nitric oxide synthase-2 in glia 
associated with CNS pathology. Prog Brain Res 118: 253-267. 

14. Bal-Price A, Brown GC (2001) Inflammatory neurodegenc ration mediated by 
nitric oxide from activated glia-inhibiting neuronal respiration, causing 
glutamate release and excitotoxicity. J Neurosci 2 1 : 6480-649 1 . 

15. Beckman JS, Chen J, Crow JP, Ye YZ (1994) Reactions of nitric oxide, 
superoxide and peroxynitrite with superoxide dismutase in neurodegeneration. 
Prog Brain Res 103: 371-380. 

16. Chao CC, Hu S, Peterson PK (1995) Modulation of human microglial cell 
superoxide production by cytokines. J Leukoe Biol 58: 65-70. 

17. WangJY, Shum AY, Ho YJ, Wang JY (2003) Oxidative neurotoxicity in rat 
cerebral cortex neurons: synergistic effects of H202 and NO on apoptosis 
involving activation of p38 mitogen-activated protein kinase and caspaise-3. 
J Neurosci Res 72: 508-519. 

18. Liang X, Wu L, Wang Hand T, Bilak M, et al. (2007) Function of COX-2 
and prostaglandins in neurological disease. J Mol Neurosci 33: 94—99. 

19. Yemiakova A, O'Banion MK (2000) Cyclooxygenases in the central nervous 
system: implications for treatment of neurological disorders. Curr Pharm Des 6: 
1755-1776. 

20. Cho S, Park EM, Zhou P, Frys K, Ross ME, et al. (2005) Obligatory- role of 
inducible nitric oxide synthase in ischemic preconditioning. J Ccreb Blood How 
Metab 25: 493-501. 

21. Knott C, Stern G, Wilkin GP (2000) Inllammatory regulators in Parkijison's 
disease: iNOS, hpocortin- 1 , and cyclooxygenases- 1 and -2. Mol Cell Neurosci 
16: 724-739. 

22. Rasmuson S, Nasman B, Olsson T (2011) Increased serum levels of 
dehydroepiandrosterone (DHEA) and interleukin-6 (IL-6) in women with mild 
to moderate Alzheimer's disease. Int Psychogeriatr: 1—7. 

23. Uslu S, Akarkarasu ZE, Ozbabalik D, Ozkan S, Coiak O. ct al. (2012) Levels of 
amyloid beta-42, interleukin-6 and tumor necrosis i'aclor-alpha in Alzheimer's 
disease and vascular dementia. Neurochem Res 37: 1551 1559. 

24. Hudson CC, Lm M, Chiang GG, Oitcrness DM, Loomis DC, ct al. (2002) 
Regulation of hypoxia-inducible factor 1 alpha expression and function by the 
mammalian target of rapamycin. Mol Cell Biol 22: 7004—7014. 

25. Haley EG Jr, KasseU NF, Tomer JC, Truskowski LL, Gcrmanson TP (1994) A 
randomized trial of two doses of nicardipine in aneurysmal subarachnoid 
hemorrhage. A report of the Cooperative Aneurysm Study. J Neurosurg 80: 
788-796. 

26. Narotam PK, Puri V, Roberts JM, Taylon C, Vora Y, et al. (2008) Management 
of hypertensive emergencies in acute brain disease: evaluation of the treatment 
effects of intravenous nicardipine on cerebral oxygenation. J Neurosurg 109: 
1065-1074. 



Author Contributions 

Conceived and designed the experiments: BRH FCC WLY SSH HCH 
DYL. Performed the experiments: HYL YSL PYK. Analyzed the data: 
BRH FCC WLY CFT HY'L YSL. Contributed reagents/materials/ 
analysis tools: BRH DYL CHL CL. Wrote the paper: BRH CYJW DYL. 



27. Powers WJ, Zazulia AR, Videen TO, Adams RE, Yundt KD, et al. (2001) 
Autoregulation of cerebral blood flow surrounding acute (6 to 22 hours) 
intracerebral hemorrhage. Neurology 57: 18—24. 

28. Kim SY, Kim SM, Park MS, Kim HK, Park KS, et al. (2012) Effectiveness of 
nicau-dipine for blood pressure control in patients with subarachnoid hemor- 
rhage. J Cerebrovasc Endovasc Neurosurg 14: 84—89. 

29. Qureshi A, Palesch Y, Investigators Al (2012) Expansion of recruitment time 
window in antihypertensive treatment of acute cerebral hemorrhage (ATACH) 
11 trial. Journal of Vascular and Interventional Neurology 5: 6-9. 

30. Qureshi Al, Palesch YY (2011) Antihypertensive Treatment of Acute Cerebral 
Hemorrhage (ATACH) II: des^, methods, and rationale. Neurocritical Care 
15: 559-576. 

31. Sato S, Yamamoto H, Qureshi Al, Palesch YY, Toyoda K, et al. (2012) 
[Antihypertensive Treatment of Acute Cerebral Hemorrhage (ATACH)-11 at 
Japan site: study design and advance construction of domestic research network]. 
Rinsho Shinkeigaku Clinical Neurology 52: 642-650. 

32. Amenta F, Strocchi P, Sabbatini M (1996) Vascular and neuronal hypertensive 
brain damage: protective effect of treatment with nicardipine. Journal of 
Hypertension Supplement 14: S29— 35. 

33. Amenta V. 'Lomassoni D (2004) Treatment with nicardipine protects brain in an 
animal model of hypertension-induced damage. Clinical and Experimental 
H'ypertension 26: 351-361. 

34. Amenta F, Tomassoni D, Traini E, Mignini E, Veglio F (2008) Nicardipine: a 
hypotensive dihydropyridine-type calcium antagonist with a peculiar cerebro- 
vascular profile. Clinical and Experimental Hypertension 30: 808-826. 

35. Mikami C, Suzuki M, Tsuiki K, Ogawa A (2001) Effect of nicardipine and 
magnesiumon cerebral infarction - brain surface perfiasion technique. Cere- 
brovasc Dis 11: 44—50. 

36. Koizumi S, Saito Y, Nakazawa K, Nakajima K, Sawadajl, et al. (2002) Spatial 
and temporal aspects of Ca2-I- signaling mediated by P2Y receptors in cultured 
rat hippocampal astrocytes. Life Sciences 72: 431-442. 

37. Komagiri Y, Nakamura K, Kubokawa M (2011) A nieardipine-sensitive Ca2+ 
entry contributes to the hypotonieity-induced increase in [Ca2+]i of principal 
cells in rat cortical collecting duct. Cell Calcium 49: 35^2. 

38. Liu Y, Lo YC, Qian L, Crews FT, Wilson B, et al. (2011) Verapamil protects 
dopaminergic neuron damage through a novel anti-inflammatory mechanism by 
inhibition of microglial activation. Neuropharmacology 60: 373-380. 

39. Sanz JM, Chiozzi P, Colaianna M, Zotti M, Ferrari D, et al. (2012) Nimodipine 
inhibits IL-lbcta release stimulated by amyloid beta from microglia. 
BrJ Pharmacol 167: 1702-1711. 

40. McGrath JC, Drummond GB, McLachlan EM, Kilkenny C, Wainwright CL 
(2010) Guidelines for reporting experiments involving animals: the ARRIVE 
guidelines. BrJ Pharmacol 160: 1573-1576. 

41. Saijdiimaa O. Metsarinne K, Fyhrquist F (1997) CarvedHol and its metabolites 
suppress endothclin-1 production in human endothelial cell culture. Blood Press 
6: 24-28. 

42. Gasior M, Kaminski R, Brudniak T, Kleinrok Z, Czuczwar SJ (1996) Influence 
of nicardipine, nimodipine and flunarizine on the anticonvulsant efficacy of 
antiepileptics against pentylenetetrazol in mice. J Neural Transm 103: 819-831. 

43. Lin HY, Huang BR, Yeh WL, Lee CH, Huang SS, et al. (2014) 
Antineuroinflammatory effects of lycopene via activation of adenosine 
monophosphate-activated protein kinase-alphal/heme oxygenase- 1 pathways. 
Neurobiol Aging 35: 191-202. 

44. Tsai CF, Yeh WL, Huang SM, Tan TW, Lu DY (2012) Wogonin induces 
reactive oxygen species production and cell apoptosis in human glioma cancer 
ceUs. Int J Mol Sci 13: 9877-9892. 

45. Huang SM, Cheung CW, Chang CS, Tang CH, Liu JF, et al. (2011) 
Phloroglucinol derivative MCPP induces cell apoptosis in human colon cancer. 
J Cell Biochem 112: 643-652. 

46. Henry CJ, Huang Y, Wyime AM, Godbout JP (2009) Peripheral lipopolysac- 
charide (LPS) challenge promotes microglial hyperactivity in aged mice that is 
associated with exaggerated induction of both pro-inllammatory IL-lbcta and 
anti-inflammator\' lL-10 cytokines. Brain Behav Immun 23: 309—317. 

47. ChenJH, Huang SM, Tan TW, Lin HY, Chen PY, et al. (2012) Berberine 
induces heme oxygenase- 1 up-rcgulation through phosphatidylinositol 3-kinase/ 
AKT and NF-E2-related factor-2 signaling pathway in astrocytes. Int 
Immunopharmacol 12: 94-100. 

48. ChenJH, Huang SM, Chen CC, Tsai CF, Yeh WL, et al. (2011) Ghrelin 
induces cell migration through GHS-R, CaMKH, AMPK, and NF-kappaB 
signaling pathway in glioma cells. J Cell Biochem 112: 2931-2941. 

49. Lu DY, Leung YM, Cheung CW, Chen YR, Wong KL (2010) (}lial cell line- 
derived neurotrophic factor induces cell migration and matrix metalloprotei- 
nase-13 expression in glioma cells. Biochem Pharmacol 80: 1201-1209. 



PLOS ONE I www.plosone.org 



9 



March 2014 | Volume 9 | Issue 3 | e91167 



Anti-Neuroinflammatory Effects of Nicardipine 



50. Lu DY, Ych WL, Huang SM, Tang CH, Lin HY, ct al. (2012) Ostcopontin 
increases heme oxygenase- 1 expression and subsequently induces cell migration 
and invasion in glioma cells. Neuro Oncol 14: 1367-1378. 

51. Ding L, Ley TJ, Larson DE, Miller CA, Koboldt DC, et al. (2012) Clonal 
evolution in relapsed acute myeloid leukaemia revealed by whole-genome 
sequencing. Nature 481: 506-510. 

52. Huang BR, Tsai CF, Lin HY, Tseng WP, Huang SS, et al. (2013) Interaction of 
inflammatory and anti-inflammatory responses in microglia by Staphylococcus 
aureus-derivcd lipotcichoic acid. Toxicol Appl Pharmacol 269: 43 50. 

53. Leung YM, Wong KL, Chen S\V, Lu DY, Kuo CS, rl al. ;2013; Down- 
regulation ol' voltage -gated Ca2-I- channels in Ca2-I- storc-dcplctcd rat insulinoma 
RINm5F cells. BioMedicinc 3: 130-139. 

54. Lm HY, Tang CH, Chen JH, Chuang JY, Huang SM, et al. (2011) 
Peptidoglycan induces interleukin-6 expression through the TLR2 receptor, 
JNK, c-Jun, and AP-1 pathways in microgha. J Cell Physiol 226: 1573-1582. 

55. Lin HY, Tang CH, Chen YH, Wei IH, Chen JH, et al. (2010) Peptidoglycan 
enhances proinflammatory cytokine expression through the TLR2 receptor, 
MyD88, phosphatidylinositol 3-kinase/AKT and NF-kappaB pathways in BV-2 
microglia. Int Immunopharmacol 10: 883-891. 

56. Lu DY, Tang CH, Ych WL, Wong KL, Lin CP, ct al. (2009) SDF-1 alpha up- 
rcgulatcs intcrlcukin-6 through C.XCR4, P13K/Akt, ERK, and NF-kappaB- 
dcpcndcnt pathway in microglia. EurJ Pharmacol 613: 146-154. 

57. Lu DY, Tang CH, Liou HC, Tcng CM, Jcng KC, ct al. (2007) YC-1 attenuates 
LPS-induced proinflammatory responses and activation of nuclear factor- 
kappaB in microglia. Br J Pharmacol 151: 396—405. 

58. Lu DY, Liou HC, Tang CH, Fu WM (2006) Hypoxia-induced iNOS expression 
in microglia is regulated by the PI3-kinase/Akt/mTOR scaling pathway and 
activation of hypoxia inducible factor- 1 alpha. Biochem Pharmacol 72: 992- 
1000. 

59. Lu DY, Tang CH, Chen YH, Wei IH (2010) Berberine suppresses 
ncuroinflammatory responses through AMP-activatcd protein kinase activation 
m BV-2 microglia. J Cell Biochem 110: 697-705. 

60. Tcjada JO, Taylor RA, Ugurcl MS, Hayakawa M, Lcc SK, ct al. (2007) Safety 
and feasibility of intra-artrrial nicardipine for the treatment of subarachnoid 
hemorrhage-associated vasospasm: initial clinical experience with high-dose 
infusions. AJNR Am J Ncuroradiol 28: 844-848. 

61. Gianino JW, Afiawapc LO (2012) Evidence-based guidelines for the manage- 
ment of traumatic brain injury. Missouri Medicine 109: 384-387. 

62. Qureshi Al, Harris-Lane P, Kirmani JF, Ahmed S, Jacob M, et al. (2006) 
Treatment of acute hypertension in patients with intracerebral hemorrhage 



using American Heart Association guidelines. Critical Care Medicine 34: 1975— 
1980. 

63. Degoute CS (2007) Controlled hypotension: a guide to drug choice. Drugs 67: 
1053-1076. 

64. Babu CS, Ramanathan M (2011) Post-ischemic administration of nimodipine 
foUowing focal cerebral ischemic-reperfusion injury in rats alleviated excitotox- 
icity, ncurobchavioural alterations and partially the biocncrgctics. Int J Dcv 
Ncurosci 29: 93-105. 

65. Matsui T, Takcuchi M, Yamagishi S (2010) Nifedipine, a calcium channel 
blocker, inhibits inflammatory and fibrogcnic gene expressions in advanced 
glycation end product (AGE)-cxposcd fibroblasts via mineralocorticoid receptor 
antagonistic activity. Biochem Biophys Res Commun 396: 566-570. 

66. Casamassima F, Hay AC, Benedetti A, Lattanzi L, Cassano GB, et al. (2010) 
L-type calcium channels and psychiatric disorders: A brief review. Am J Med 
Genet B Ncuropsychiatr Genet 153B: 1373-1390. 

67. Triggie DJ (2007) Calcium channel antagonists: clinical uses — past, present and 
future. Biochem Pharmacol 74: 1-9. 

68. Hashioka S, Klegeris A, McGeer PL (2012) Inhibition of human astrocyte and 
microglia neurotoxicity by calcium channel blockers. Neuropharmacology 63: 
685-691. 

69. Michelucci A, Heurtaux T, Grandbarbe L, Morga E, Heuschling P (2009) 
Characterization of the microglial phenotype under specific pro-inflammatory 
and anti-inflammatory conditions: Effects of oligomeric and fibriUar amyloid- 
beta. J Xcuroimmunol 210: 3-12. 

70. Zhang XL, Zheng SL, Dong ER, Wang ZM (2012) Nimodipine improves 
regional cerebral blood How and suppresses inflammatory factors in the 
hippocampus of rats with vascular dementia. J Int Med Res 40: 1036—1045. 

71. Su PY, Liu SJ, Chen YH, Wu SS, Chen YL, et al. (2013) Increased IL-8 and IL- 
IP in the bile of acute cholecystitis patients. BioMedicine 3: 181—185. 

72. Maa MC (2013) Infectious diseases: A never-ending threat. BioMedicine 3: 1. 

73. Schut ES, de Gans J, van de Beek D (2008) Community-acquired bacterial 
meningitis in adults. Pract Neurol 8: 8-23. 

74. Schleifer KH, Kandlcr () (1972) Peptidoglycan types of bacterial ceU walls and 
their taxonomic implications. Bacteriol Rev 36: 407-477. 

75. Hayashi M, Yamaji Y, Nakazato Y, Saruta 'E (2000) 'Ehc effects of calcium 
channel blockers on nuclear factor kappa B activation in the mesangium ceUs. 
Hypertens Res 23: 521-525. 

76. Lu DY, Leung YM, Su KP (2013) Interferon-alpha induces nitric oxide synthase 
expression and haem oxygenase- 1 down-regulation in microglia: implications of 
cellular mechanism of IFN-alpha-induced depression. IntJ Neuropsychopharmacol 
16: 433^44. 



PLOS ONE I www.plosone.org 



10 



March 2014 | Volume 9 | Issue 3 | e91167 



